Introduction
Cyanobacteria are oxygen-producing photosynthetic organisms that are responsible for over half of the global nitrogen fixation in both aquatic and terrestrial environments. 1, 2 Nitrogenase, the enzyme that transforms dinitrogen into ammonium, is extremely sensitive to oxygen. 3 Therefore, nitrogen-fixing cyanobacteria spatially or temporally separate nitrogen fixation from oxygenic photosynthesis. 2, 4 In some filamentous cyanobacteria such as Anabaena sp. PCC 7120 (also known as Nostoc sp. PCC 7120;
from here on Anabaena 7120), nitrogen fixation occurs in heterocysts, specialized cells that create a local microaerobic environment. 5 The developmental program that results in the differentiation of a vegetative cell into a heterocyst requires the sequential activation of a large number of genes involved in regulatory, structural, or enzymatic aspects of heterocyst differentiation and function (recent reviews [6] [7] [8] [9] [10] ) and depends on two major regulators, NtcA, the global nitrogen control protein 11, 12 and HetR 13, 14 , a positive-acting factor that exhibits protease 15, 16 and DNA binding 17 activities in vitro. This process is further modulated by a plethora of additional regulators, one of them HetF, controlling the level of HetR, 18 and additional unknown factors are likely to participate in this process.
The genomes of heterocyst-forming cyanobacteria are unusual in the fact that up to 1.5% of their intergenic sequences (7.5% in Nostoc punctiforme 19 ) comprise tandem repeats that are at least 20 nt in length. 19, 20 Tandem repeats are very well studied and occur at a high frequency in eukaryotic non-coding regions, 21 with eukaryotic microsatellites being one of the best-characterized classes. In contrast, tandem repeats have seldom been reported in bacteria 22 and, except for the class of Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR), 23 have not been functionally characterized. CRISPR-derived non-coding RNAs guide antiviral defense in prokaryotes, 24 illustrating that some bacterial direct repeats are biologically highly relevant.
Processes leading to the differentiation of eukaryotic cells are frequently controlled by regulatory RNA molecules such as miRNAs, 25 whereas not a single such case has yet been reported for bacteria. However, regulatory RNAs in bacteria are well known to control adaptive responses to virtually all possible stress conditions. 26 Here, we present a widely conserved tandem array of sequence repeats that become expressed upon nitrogen deprivation specifically in cells that are differentiating into heterocysts. These repeats are located upstream of hetF, whose product is required for the differentiation of heterocysts in Anabaena 7120 18, 27 and Nostoc punctiforme 28 , as well as for the establishment of a functional symbiosis between Nostoc punctiforme and the bryophyte Anthoceros punctatus. 29 The main transcript originating from the repeats has properties typically associated with regulatory non-coding RNAs and also showed up in a genome-wide search for such elements focusing on possible Rho-independent terminators in intergenic regions. We detected this transcript in 19 different cyanobacteria belonging to the classes Nostocales and Stigonematales, and characterized it in more detail in Anabaena 7120.
Results
A genome-wide prediction of possible Rho-independent terminators identifies a distinct set of conserved direct repeats upstream of hetF 5 To identify non-coding RNAs that could potentially be involved in the differentiation of heterocysts, a genome-wide prediction of Rho-independent terminators within all intergenic regions of Anabaena sp. PCC 7120 was carried out. Such a strategy has previously been productive for the discovery of unannotated transcripts in intergenic spacers of the cyanobacterium Synechocystis sp. PCC 6803 30 and resulted herein in the prediction of 678 possible Rho-independent terminators (Supplementary Table 1 ).
Several of these are just transcriptional terminators of annotated protein-coding genes, such as element i1848_1 (positions 4519541-4519575 in the genome sequence), which is located 29-64 nt directly downstream of psbA (alr3742) and therefore identified as its Rho-independent terminator. Other elements are located further away or in inverse orientation with respect to neighboring annotated genes. One such example is element i18_1 (positions 56491-56529), which is in the same orientation as the two adjacent genes, however, 208 nt downstream from the closest gene. Indeed, element i18_1 is the terminator of previously identified ncRNA Yfr1.
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Closer inspection of those predicted elements located proximal to genes involved in heterocyst differentiation, identified a whole series of closely spaced possible terminators situated upstream of the heterocyst differentiation gene hetF, but in the reverse orientation ( Figure 1 ). The sequence of these predicted terminators (i1605_2 to i1605_12 in Supplementary Table 1) is, in eight cases, identical. In fact, these elements belong to a series of direct sequence repeats, which are conserved and found at a corresponding position in the genomes of all other sequenced Nostocales ( Figure 1 ).
The repeat sequences present in the different cyanobacteria are not identical, with the highest divergence found between Anabaena 7120 and Nostoc azollae, and exhibit a 6 higher degree of conservation towards the second half of each repeat (an alignment of all 51 repeat sequences from sequenced filamentous strains is shown in Supplementary Figure S1 ). For each strain, the peripheral repeats are less conserved than the central ones. In phylogenetic analyses, the central repeats 3-9 exhibit a tendency to cluster species-specifically together, whereas the location of repeats, 1, 10, 11 and 12 is consistent with the phylogenetic relationships among the investigated species (Supplementary Figure S2) .
In the genome of Anabaena 7120, the repeats start on the reverse strand 225 nt upstream of the annotated reading frame for hetF. Repeats 3-9 are 133-134 nt long and are almost identical (Figure 2 ), whereas repeats 1, 2, and 10-12 are less conserved, as observed in the interspecies comparison. Repeats 1, 2, and 12 each include a short sequence insertion that is not present in the other repeats, and thus they are slightly longer than repeats 3-11 ( Figure 2 ). Due to the proximity to hetF, an overlap between the repeats and the hetF the hetF transcriptional start site (TSS) at position -403 with respect to the hetF start codon. Thus, the hetF overlaps repeat 1 and part of repeat 2 ( Figures 1 and 2 ).
The direct repeats upstream of hetF are transcribed as a small non-coding RNA and its expression is under the control of NtcA and HetR
The association of the repeats with hetF points to a possible role related to heterocyst differentiation. Therefore, expression of the region was determined under a nitrogen step-down time course. Indeed, a rapidly induced and abundant transcript of about 60 nt 7 was observed upon nitrogen deprivation, with a maximum expression observed 10 -12 h after nitrogen step-down (Figure 3a) , several hours before heterocyst differentiation is complete (20-24 h after N step-down under these conditions). As the expression of this RNA was induced under nitrogen depletion, we designated it as Nitrogen Stress Induced RNA 1 (NsiR1). Two less abundant bands of ~200 and ~53 nt were co-induced with NsiR1. In a longer time course, the expression of NsiR1 and of co-induced bands decreased as heterocyst maturation progressed (Figure 3b ). Figure 3c ), whereas the hetR mutant showed no expression at all (Figures 3a and 3c ). As similar repeats are detectable in all 5 Nostocales for which a genome sequence is available (Figure 1) , we evaluated the expression of NsiR1-like RNAs in additional heterocyst-forming cyanobacteria belonging to the cyanobacterial sections IV and V senso . 33 In all cases a small RNA in the range of ~53 to ~70 nt was detected (Supplementary Figure S3) , suggesting the presence of an NsiR1-like transcript in, altogether, 19 different species.
In the primer extension assays carried out with primer T4 (location of primers in Figure   2 ) and using total RNA from Anabaena 7120, two extension products of 94 nt (less abundant) and 155 nt (more abundant) were obtained ( Figure 3d ) that fit two previously established criteria for NsiR1 transcripts, namely, they were transiently induced upon nitrogen step-down and were absent in a hetR mutant but barely detectable in an ntcA 8 mutant (cf. Figures 3a and 3c) . mapped 72 and 133 nt . This finding indicates that the major corresponds primer. The identification of these two extension products was confirmed using a different primer (see position of primer 9 in Figure 2 ). In this case, the sizes of the products were 100 nt (less abundant) and 161 nt (more abundant), leading to the same r subtracting the length of the primer (Figure 3d ). It should be taken into account that, because both primer T4 and 9 are complementary to sequences in all repeats, the primer extension products could correspond, in principle,
to transcripts originating at any of the 12 repeats found in the chromosome of Anabaena 7120. Precise determination of TSS for the promoter of one particular repeat requires the analysis of gfp transcripts originating from promoter-probe vectors, as shown below in Figure 5 .
Expression of NsiR1 is specific for (pro)heterocysts
To further characterize expression of NsiR1, a fragment containing all 12 repeats (except for the last terminator, see white triangle in Figure 2 ) was cloned under the copper-inducible promoter of the petE gene from Anabaena 7120. As a reporter of transcription, a gfp gene, coding for the green fluorescent protein (GFP), was inserted downstream of the repeats, yielding pCSAM207 ( Figure 4a ). For comparison, control cell lines were constructed carrying promoter-probe plasmid pCSAM201 (containing a promoterless gfp) or plasmid pCSAM202 (containing a P petE ::gfp fusion) (Figure 4a ).
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After conjugation into Anabaena 7120, the control strain bearing promoter-probe plasmid pCSAM201 showed very low, background fluorescence, whereas the strain bearing plasmid pCSAM202 showed strong expression of GFP in all cells of the filaments in the presence of copper, which induces transcription from the petE promoter, but not when the cells were grown in the absence of copper. This GFP fluorescence was observed both in the presence and in the absence of combined nitrogen (not shown).
Surprisingly, the strain bearing plasmid pCSAM207 (transcriptional fusion of all 12
repeats to gfp under petE promoter control) exhibited, despite the presence of copper, very weak expression of gfp when combined nitrogen was present (not shown), but
showed strong cell-specific fluorescence upon nitrogen deprivation (Figure 4b ).
Moreover, the observation of filaments at different time points after nitrogen step-down indicated that GFP fluorescence appeared exclusively in specific cells that were becoming heterocysts (proheterocysts), as well as in mature heterocysts. Based on these observations, we concluded that transcripts initiated at the petE promoter in pCSAM207 did not include the gfp gene and that multiple arrays of the predicted terminators within the repeats were indeed terminating those transcripts. Interestingly, these data suggest the presence of nitrogen-regulated, cell-specific promoter(s) within the repeats, whose transcriptional activity reaches the gfp gene. In order to further test this possibility, a fragment containing repeats 10, 11, and 12 (without the last terminator, see Figure 2 ) was inserted into the promoter-probe vector pCSAM201 yielding pCSAM208 ( Figure 4a ). pCSAM208 was transferred into the wild-type strain and mutant derivatives CSE2 (ntcA) and 216 (hetR). As shown in Figure 4c , cell-specific GFP fluorescence was observed in the wild-type strain bearing plasmid pCSAM208, but not 10 in any of the two mutant strains, confirming that the expression from the NsiR1 promoter(s) was cell-specific and controlled through NtcA and HetR.
Predicted NsiR1 secondary structure and model for NsiR1 transcription
Because, as mentioned above, primers complementary to the repeats can anneal to any of them, and in order to precisely define the TSS for one single particular repeat, Such molecules would contain two NsiR1 units and might eventually be processed by
RNases recognizing the terminator loop as substrate. In fact, signals that can be interpreted as premature stops in primer extension assays but might also result from such processing were observed in primer extension experiments carried out both with oligonucleotides for the repeats (cf. bands of 94 and 100 nt in Figure 3d ) and for the gfp gene in pCSAM207 (band marked with an asterisk in Figure 5a ).
Discussion
Filamentous cyanobacteria exhibit complex developmental alternatives. The differentiation of akinetes, hormogonia and heterocysts requires precise regulatory circuits leading to alternative transcriptional patterns under certain growth conditions and/or in specific cells of filaments. The molecular mechanisms leading to cell-specific expression of genes whose products are involved in early steps of differentiation are, to a large extent, unknown. The initiation of heterocyst differentiation is controlled by a regulatory loop established by NtcA, the global nitrogen regulator, and HetR, a master regulator of cellular differentiation. In response to nitrogen deficiency, induction of the expression of ntcA and hetR is mutually dependent on each other 34 and takes place mostly in cells that are in the process of differentiation. 13, 35 Because non-coding RNAs are frequently involved in regulation of processes leading to cell differentiation of eukaryotic cells, we have carried out a genome-wide search in order to identify noncoding RNAs that could be involved in the process of heterocyst differentiation. The search strategy was focused on the prediction of Rho-independent terminators within all intergenic regions of Anabaena 7120. We have previously used such a simple strategy in the unicellular cyanobacterium Synechocystis sp. PCC 6803, and in that case, further rigorous testing of the prediction results by using tiling microarrays indicated that this 13 approach is relatively successful for the discovery of unannotated transcripts originating from intergenic spacers, whereas it is only partially productive for the identification of cisantisense RNAs. 30 Accordingly, we expect the number of 678 predicted elements in Anabaena 7120 to be an underestimation of the real number of Rho-independent terminators in this organism, whereas the number of false positives is probably low. In the following we focused on a series of repeated elements located in the intergenic region all3545-hetF that are transcribed as a short non-coding RNA that we have named NsiR1.
In a recent survey of the occurrence of certain repeats in the Nostocales, eight families of repeats were described. 19 Those repeats are small, in the range of 21 to 27 nt, dispersed, and NsiR1-encoding repeats do not belong to this class. Another class of repeats that has recently gained substantial attention are CRISPRs. 23 Several CRISPRs were identified in Anabaena 7120, 36 but the NsiR1 region does not belong to any of them. The observation that the structure of the NsiR1 region is strikingly similar within the available genome sequences of heterocystous cyanobacteria and that NsiR1-like transcripts are detected in 19 different strains suggests that NsiR1 plays some functional role in these cyanobacteria. When comparing the repeat sequences of Anabaena 7120 with those available from other Nostocales, the alignment can be split into two segments. The second half (65-70 nt) of each repeat is highly conserved (Figure 2 and Supplementary Figure S1 ) while the first half shows various levels of conservation.
According to northern blots the major product of transcription of the repeated elements corresponds to the highly conserved second half of the repeats, consistent with the results of primer extension assays, which suggest, at least for repeats 11 and 12, that there is one, centrally located, TSS per repeat transcripts are in fact terminated at the predicted Rho-independent terminators located at the end of each repeated segment. Therefore, the recognition sequences for the transcriptional machinery would likely be located within the first half of the repeated elements. Because these sequences exhibit different degrees of sequence divergence, it is possible that some repeats are not transcribed or become activated under conditions that were not tested herein. In fact, transcription from repeat 10 was not chromosome is likely to be much higher than that from the petE promoter in our constructs.
The observed regulation and cell-specific expression, together with the observation that the position of NsiR1-encoding repeats is conserved, strongly points to a function of NsiR1 in the context of heterocyst development. However, the targets of NsiR1 are completely unknown at present. Unfortunately, because, at least in Anabaena 7120, repeat 1 overlaps with of hetF, it is not possible to delete all NsiR1-encoding repeats without simultaneously altering expression of hetF, a gene whose encoded protein is involved in the regulation of cellular levels of HetR. 18 Regulation of gene expression through antisense RNA has previously been described in Anabaena 7120, contributing to the control of furA expression, which codes for the ferric uptake regulator
FurA. 39 In the unicellular cyanobacterium Synechocystis sp. PCC 6803, the antisense RNA IsrR controls the expression of the isiA gene under a variety of stress conditions. 40 More recently, the number of experimentally confirmed antisense RNAs in Synechocystis rose to 73. 30 Therefore, it is one possibility that the sequence complementarity between NsiR1 and the hetF is functionally relevant.
Another possibility is that NsiR1 acts on one or several mRNAs in trans. The correct computational prediction of the targets of bacterial sRNAs still constitutes a major challenge since these targets are frequently encoded far away, at different genomic loci, and some sRNAs have single targets whereas others control several different mRNAs.
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The interacting sequence elements are frequently only short sequence stretches of imperfect similarity, which can reside in any part of the sRNA and can even be formed through the joining of sequence elements from two separate domains (for a recent review see Backofen and Hess (2010) . 41 Nevertheless, several algorithms have been designed for target prediction, from these sRNATarget 42 Nevertheless they provide a starting point for rigorous experimental analysis in the future.
NsiR1 is the first known non-coding RNA present in bacteria that is induced in a celltype-specific manner under nitrogen deprivation. Its dependence on NtcA and HetR establishes that NsiR1 belongs to the regulatory network that leads to heterocyst differentiation. The precise position of NsiR1 within this network constitutes a challenging subject for further research.
Materials and Methods

Strains and growth conditions
Wild-type Anabaena 7120 and mutant derivatives CSE2 11 ).
RNA analysis
Cells growing exponentially (~3-5 g of chlorophyll a·ml Samples were collected by filtration or centrifugation and stored frozen. RNA was isolated and analyzed by northern hybridization as previously described 34; 44 with the following modifications: membranes were pre-hybridized for 45 min at 65 °C in 50% deionized formamide, 7% SDS, 250 mM NaCl, 120 mM phosphate buffer pH 7.2.
Following the addition of probe, the membranes were incubated overnight at the same temperature (transcript probe) or 48 º C (oligonucleotide probe), after which they were washed with the following three buffers for 10 min each (buffer 1: 2X SSC, 1% SDS; 
Rapid amplification of cDNA ends (RACE)
described by Steglich et al. (2008) . 44 Sequences of all primers and linkers used are included in Supplementary Table S2 . For prime RACE_RT_hetF was used for cDNA synthesis, and a linker-specific primer together with was employed for subsequent PCR RACE, linker--1 was used for cDNA synthesis, and linker--2 together with NsiR1-specific primer 3 were used for PCR.
Relevant bands were extracted from gels, cloned into E. coli, and sequenced.
Prediction of ncRNA candidates
The prediction was based on the identification of Rho-independent terminators as described in Georg et al. (2009) 30 using the program Rnall. 46 Such a terminator consists of the characteristic GC-rich hairpin followed by a U-rich region, the so called U-tail. The terminator can be subdivided into a proximal (first five bases) and a distal part (four bases after the proximal part). In order to increase stringency of the prediction we applied several filters according to the following rules: 1. At least four G-C or G-U pairs; 
Biocomputational prediction of possible targets for NsiR1
For every protein-coding gene, the sequence of the coding region and 100 upstream nucleotides was analyzed for its possible recognition by NsiR1 using the algorithm
IntaRNA with a window length of 140 and, otherwise, default parameters. 43 All hits were ordered according to the calculated free energy values gained by the formation of mRNA:NsiR1 duplexes in kcal/mol. Only those hits with values lower than -10 kcal/mol were considered further. In parallel, the program sRNATarget 42 provided at http://ccb.bmi.ac.cn/srnatarget/ was employed, using default parameters. For sRNAtarget, a minimum score of 0.5 was required (maximum is +1.0). Figure 4a .
Plasmids
Fluorescence microscopy
The accumulation of GFP was analyzed by laser confocal microscopy as described. 52 GFP was excited at 488 nm by an argon ion laser, and the fluorescent emission was monitored by collection across windows of 500-540 nm (GFP imaging) and 630-700 nm (cyanobacterial autofluorescence). probabilities in the secondary structure of NsiR1 as calculated using RNAalifold. 5 The structure was built based on an alignment of NsiR1 sequences from all the available Nostocales (Supplementary Figure S1) . Highly divergent sequences were not used. The color bar represents probabilities for basepairing as shown in panel (b).
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